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Abstract Simple sequence repeat (SSR) markers are
highly informative and widely used for genetic and
breeding studies. Currently, a very limited number of
SSR markers are available for tall fescue (Festuca
arundinacea Schreb.) and other forage grass species. A
tall fescue genomic library enriched in (GA/CT)n
repeats was used to develop primer pairs (PPs) Xank-
ing SSRs and assess PP functionality across diVerent
forage, cereal, and turf grass species. A total of 511 PPs
were developed and assessed for their utility in six
diVerent grass species. The parents and a subset of a
tall fescue mapping population were used to select PPs
for mapping in tall fescue. Survey results revealed that

48% (in rice) to 66% (in tall fescue) of the PPs pro-
duced clean SSR-type ampliWcation products in diVer-
ent grass species. Polymorphism rates were higher in
tall fescue (68%) compared to other species (46% rye-
grass, 39% wheat, and 34% rice). A set of 194 SSR loci
(38%) were identiWed which ampliWed across all six
species. Loci segregating in the tall fescue mapping
population were grouped as loci segregating from the
female parent (HD28-56, 37%), the male parent (R43-
64, 37%), and both parents (26%). Three percent of
the loci that were polymorphic between parents were
monomorphic in the pseudo F1 mapping population
and the remaining loci segregated. Sequencing of
ampliWed products obtained from PP NFFAG428
revealed a very high level of sequence similarity among
the grass species under study. Our results are the Wrst
report of genomic SSR marker development from tall
fescue and they demonstrate the usefulness of these
SSRs for genetic linkage mapping in tall fescue and
cross-species ampliWcation.

Introduction

Molecular markers are powerful tools for genetic map-
ping, genotype Wngerprinting, population structure,
and genetic diversity studies. Simple sequence repeat
(SSR) markers have become the marker class of choice
because they are mostly co-dominant, abundant in
genomes, highly reproducible, and some have high
rates of transferability across species (Gaitán-Solís
et al. 2002; Thiel et al. 2003; Saha et al. 2004). Regular
use of SSR markers for breeding and other applied
research in a plant species depend on development of a
large number of SSRs for the species of interest. The
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number of SSR markers currently available for tall fes-
cue and related forage grasses are very limited (Saha
et al. 2004).

The primary disadvantage of SSR markers is that
the development of these markers is time consuming
and expensive. However, once developed, the SSR
markers can be used for a variety of purposes and often
across diVerent species. Besides, recently developed
high-throughput techniques facilitate marker develop-
ment and reduce cost. SSR markers can be developed
from either genomic or expressed sequence tag (EST)
libraries. The rapidly growing EST databases are
becoming an important source for SSRs. In species
where EST databases are not well established, genomic
libraries are considered as an important source for
SSRs. EST-SSRs are derived from transcribed regions
of DNA and are more conserved which limit their
polymorphism rates when compared to genomic SSRs
(Cho et al. 2000; Thiel et al. 2003). EST-SSRs are asso-
ciated with expressed genes and are usually concen-
trated in the gene rich regions of the genome. In
contrast, the genomic SSRs are highly polymorphic
and tend to be widely distributed throughout the
genome resulting in better map coverage (Taramino
et al. 1997; Warnke et al. 2004; La Rota et al. 2005;
Saha et al. 2005).

A number of diVerent repeat motifs are found in the
eukaryotic organisms. Di-nucleotide repeats are the
most abundant in genomic SSRs (Lee et al. 2004)
whereas tri-nucleotide motifs are the most abundant in
EST-SSRs (Saha et al. 2004; La Rota et al. 2005).
Among the di-nucleotide motifs, GA/CT is the most
common and important repeat in diVerent grasses
(Kantety et al. 2002; Cai et al. 2003) and other species
such as paspalum (Paspalum vaginatum Swartz—Liu
et al. 1995), grape (Vitis spp.—Sefc et al. 1999), and
olive (Olea europaea L.—Rallo et al. 2000).

Comparative genomics has become an important
strategy for utilizing genetic information across diVer-
ent species. Comparative genetics revealed that gene
content and order are generally conserved among
some closely related species (e.g. Van Deynze et al.
1995b; Gale and Devos 1998). Comparative mapping
has been used for extending genetic information from
model organisms to more complicated species (Pater-
son et al. 1995). Co-linearity of common markers
among species suggests that knowledge gained through
molecular analysis in one species will be useful in
related species; however, recent studies have revealed
considerable complexity in genome structure between
species (Sorrells et al. 2003) as well as within species
(Fu and Dooner 2002; Brunner et al. 2005). Sequence
analyses of SSR loci indicated high homology in SSR

Xanking regions of several grass species (Saha et al.
2004). Thus SSR primer pairs (PPs) developed from
one species could be used to detect SSRs in related
species (Dirlewanger et al. 2002; Kuleung et al. 2004;
Yu et al. 2004b).

High rates of SSR marker transferability across spe-
cies within a genus (Gaitán-Solís et al. 2002) and some-
times across genera (Kuleung et al. 2004; Varshney
et al. 2005) have been reported. The transferability of
genomic SSR markers across genera and beyond is
generally low (Peakall et al. 1998; Roa et al. 2000).
However, the relatively high sequence similarity
among members of the Poaceae family (Kantety et al.
2002) and transferability of EST-SSRs across species
(Saha et al. 2004; Yu et al. 2004b; Varshney et al. 2005)
suggest that the transferability of grass genomic SSRs
across diVerent grass genera should be further investi-
gated. These markers can be useful for increasing the
resolution of comparative maps among the related
species.

Tall fescue (Festuca arundinacea Schreb.) is a
major perennial forage crop in the temperate regions
of the world. Genetic improvement is impaired due to
features such as large genome size, polyploidy, obli-
gate cross-pollination, and severe inbreeding depres-
sion. The availability of SSR markers in tall fescue is
very limited. The percent of ESTs containing SSR is
fairly low in tall fescue compared to other grass spe-
cies (Kantety et al. 2002; Saha et al. 2004). Only 157
PPs were obtained from approximately 20,000 tall fes-
cue ESTs. A large number of SSR markers would
augment the genetic mapping of tall fescue and
potentially other related forage and turf grass species.
The current study was undertaken to develop a set of
SSR markers from an enriched genomic libraries of
tall fescue.

Materials and methods

Development of (GA/CT)n enriched library

DNA was isolated from a pooled population of tall fes-
cue (F. arundinacea Schreb.) cv. Kentucky-31 plants
based on a modiWed protocol of Sharma et al. (2002).
Leaf tissues were grounded in liquid nitrogen and
extracted in 100 mM Tris–HCl (pH 8.0), 20 mM
EDTA, 1.4 M NaCl, 2% CTAB, and 1% �-mercapto-
ethanol. Methods used in the construction of the
library were base on a protocol reported in Hamilton
et al. (1999) with minor modiWcations. About 9.16 �g
of genomic DNA was digested with 20 U each of the
restriction endonuclease AluI, Hae III, Nhe I, and Rsa
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I. Following digestion, single-stranded overhangs were
removed with the addition of 10 U of mung bean exo-
nuclease. A biotinylated (GA)n oligonucleotide stretch
was used to capture and enrich for DNA fragments
containing (GA/CT)n repeats. A detailed protocol
entitled “Microsatellite-Enhanced Genomic Library
Construction Streptavidin-Biotin Bench Version, SNX
Linker” (version 1.1 December, 2002) is available
online at: http://www.bioserver.georgetown.edu/fac-
ulty/hamilton/. Sequence analysis was performed on an
ABI 3730 DNA Sequence Analyzer. Sequences with
desired quality were grouped together and screened
for SSRs using the PERL program, simple sequence
repeat identiWcation tool (SSRIT), downloaded from
the Cornell University web site http://www.gram-
ene.org/gramene/searches/ssrtool. Sequences with a
minimum of nine repeats and SSR positions not less
than 25 bases from the start and end points of
sequences were grouped together to design primers.

Primer design

Primers were designed from non-redundant sequences
containing SSRs using the Primer3 software (http://www.
genome.wi.mit.edu/genome_software/other/primer3.html).
The major parameters for designing primers were:
primer length from 18 to 24 bases with 22 as the opti-
mum, PCR product size from 125 to 325 bp, optimum
annealing temperature 60°C, and GC contents from 40
to 70% with 50% as optimum. PPs were custom syn-
thesized by Qiagen/Operon Technologies (Alameda,
CA, USA).

Plant materials

Ten genotypes from six important cereal, forage, and
turf grass species (Table 1) were screened for ampliWca-
tion of the genomic SSRs. These genotypes represented
diploid to hexaploids, annual to perennial growth habit,
and cross-pollinated to self-pollinated species (Table 1).
Two genotypes, parents of respective mapping popula-

tions were taken each from tall fescue (Saha et al.
2005), ryegrass (Wranke et al. 2004), rice (Temnykh
et al. 2000), and wheat (Van Deynze et al. 1995a). The
rice and wheat seeds were kindly provided by Dr. Mark
Sorrells, Cornell University, Ithaca, NY, USA. The
meadow fescue (PIWF92-109-2) and the tetraploid fes-
cue (W-2) were received from Dr. Tim Phillips, Univer-
sity of Kentucky, Lexington, KY, USA. The inheritance
of SSR loci were tested on six genotypes of the tall fes-
cue mapping population (Saha et al. 2005).

DNA isolation, PCR ampliWcation, and detection 
of SSR bands

The DNA was extracted from freshly frozen leaf tissue
using Qiagen DNeasy® Plant Mini kit (Qiagen, Valen-
cia, CA, USA) with minor modiWcations (Saha et al.
2004). The DNA concentrations were quantiWed using
a Hoefer® Dyna Quant® 200 DNA Xuorometer
(Amersham Biosciences, Piscataway, NJ, USA). The
PCR reactions include 20 ng of template DNA, one
unit of AmpliTaq Gold® with GeneAmp PCR buVerII
(Applied Biosysytems, Branchburg, NJ, USA),
3.25 mM MgCl2, 240 �M of dNTPs, and 0.2 �M of each
primer in a 10 �l reaction. To reduce non-speciWc
ampliWcations, a second round of PCR was performed
with selected PPs using 13 ng of template DNA, 0.65 U
of AmpliTaq Gold 10X PCR buVerII, 2.5 mM MgCl2,
200 �M of dNTPs, and 0.13 �M of each primer in a
10 �l reaction. The PCR protocols included: initial
denaturation of 10 min at 95°C followed by 40 cycles
with 50 s at 95°C, 50 s at 58–64°C (the optimum anneal-
ing temperature of respective PPs), 90 s at 72°C, and a
Wnal extension step of 10 min at 72°C. The PCR prod-
ucts were resolved on 6% polyacrylamide denaturing
gels and visualized by silver staining (Protocol sug-
gested by Promega, Madison, WI, USA). The band size
is reported using a 10 bp DNA ladder (Invitrogen Life
Technologies, Carlsbad, CA, USA) as the reference
point. The polymorphism was determined according to
the presence or absence of the SSR band.

Table 1 Grass species and
genotypes used for screening
of tall fescue genomic SSR
primers

Common name ScientiWc name Genotype/cultivars Genome Mode of 
pollination

Tall fescue Festuca arundinacea HD28-56 R43-64 2n = 6x = 42 Cross
Meadow fescue F. pratensis PIWF92-109-2 2n = 2x = 14 Cross
Tetraploid fescue F. arundinacea var. 

glaucescens
W-2 2n = 4x = 28 Cross

Ryegrass Lolium
perenne/multiXorum

MFA-4 MFB-2 2n = 2x = 14 Cross

Rice Oryza sativa IR-64 Azucena 2n = 2x = 24 Self
Wheat Triticum aestivum Opata W7984 2n = 6x = 42 Self
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Sequencing of PCR bands

PCR products from the polyacrylamide gels were
excised using pipette tips and dipped in 10 �l of nucle-
ase free water for 30 min at room temperature. Seven
micro liter of it was used as template for a second PCR
following the same protocol in a 25 �l reaction volume.
The PCR products were resolved in a 2% SeaKem®

LE agarose (FMC BioProducts, Rodkland, ME, USA)
gel. Gels were stained with ethidium bromide and
bands were excised under UV light and put into the
Nebulizer cap of Montage DNA Gel Extraction
Device (Millipore Corporation, Bedford, MA, USA).
DNA was extracted following their standard protocol
and concentration was measured against a Molecular
Mass Standard (Bio-Rad Laboratories, Hercules, CA,
USA). Sequencing was performed using an ABI 3730
in 20 �l of sequencing reaction consisted of 100 ng of
template, 4.0 pmol of primer, and 8 �l of sequencing
reaction. The sequence data were analyzed with
DNASTAR software. Consensus sequences from each
species were aligned using Clustal W as the alignment
tool.

Results

Isolation and characterization of microsatellites

A total of 5,712 sequences were characterized from the
tall fescue small insert genomic library highly enriched
for (GA/CT)n repeats. High quality sequences (5,380)
were screened for SSR motifs and approximately 20%
were positive. Nine hundred and six of these were can-
didate SSR sequences that had repeat motifs >18 bases
and at least 25 bases of 5� and 3� Xanking DNA
sequences. Five hundred and eleven PPs were devel-
oped from these SSR sequences according to the crite-
ria described in the Materials and methods section.
Four hundred and twenty Wve of these PPs were single-
ton SSRs. Thus PPs were developed from 56% of the
SSR sequences. Remaining sequences did not satisfy
the criteria for primer design. The sequences of the 511
PPs, along with the marker name, sequence ID, primer
sequences, Tm, and expected sizes are included in the
ESM.

Primer evaluation

A majority of the PPs ampliWed characteristic SSR-
type bands in diVerent species (Fig. 1). In the Wrst
round of evaluation, approximately 34% of the PPs
generated non-speciWc ampliWcation products. These

PPs were re-evaluated in a second round of PCR
experiments under more stringent conditions to obtain
the desired SSR ampliWcation products. An estimated
27% of the PPs still ampliWed more bands than
expected, and were subsequently grouped separately
(Table 2). As expected, the success rate was highest in
tall fescue and only 7% of the PPs did not generate
ampliWcation products in any of the species tested. The
portion of PPs that produced clean SSR products
ranged from 66% (tall fescue) to 48% (rice). When
non-speciWc ampliWcations are included, however,
ampliWcation success rates were as high as 93 and 74%
for the same two species, respectively (Table 2). High
success rate of SSR loci ampliWcation among diVerent
crop species has been reported earlier (Cipriani et al.
1999). Alleles per PP varied between two to four with
the lowest in diploid meadow fescue and the highest in
hexaploid tall fescue.

Cross-species ampliWcation

To evaluate the cross-species ampliWcation, all 511 of
tall fescue genomic SSR PPs were screened against ten
genotypes representing six diVerent grass species, rep-
resentative of three important tribes and two subfami-
lies of the Poaceae family. Most PPs ampliWed
characteristic bands in a set of genetically diverse grass
species. Cross species ampliWcation potential of tall fes-
cue genomic SSR PPs was fairly high. Thirty-eight per-
cent of the PPs ampliWed across all six species, while six
and 27% of PPs ampliWed across Wve and four of the six
species, respectively. Only 4% of the PPs were species-
speciWc. A vast majority of the PPs ampliWed across all
forage and turf grass species rather than across the
cereal species (data not shown). These Wndings suggest
a high level of sequence conservation among the forage
species examined.

Polymorphism of SSR loci

Simple sequence repeat polymorphism rates were
tested using the parents of mapping populations and
rates varied from 68% (tall fescue) to 34% (rice).
Higher polymorphism rates were observed in forage
and turf grass species than in cereal grass species. Vari-
ation in polymorphism rates may be related to the
reproductive strategies of these species. High polymor-
phism rates for outcrossing compared to self-pollinat-
ing species observed in this study are supported by
earlier Wndings (Saha et al. 2004). Inheritance of poly-
morphic SSR loci was tested with parents and a subset
of progeny of the tall fescue mapping population
(Fig. 2). A total of 1,347 alleles ampliWed by 338 PPs
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were segregating in the tall fescue mapping population.
Four hundred and ninety two (37%) of the alleles were
segregating from the HD28-56 parent of which 445
were polymorphic while the remaining 47 were mono-
morphic. Similar marker segregation was also observed
in the R43-64 parent. Of the 357 (26%) alleles segre-
gating from both parents, 112 were polymorphic and
245 were monomorphic. Polymorphic markers segre-
gating from both parents are important for identifying
and joining of homologous linkage groups (Saha et al.
2005).

Sequence comparison of SSR locus

PCR products obtained from an SSR locus ampliWed
across all six species were sequenced to determine
homoplasy among species. A DNA sequence align-
ment for the monomorphic SSR locus NFFAG428
reveals a high level of sequence similarities in eight
genotypes of all six species (Fig. 3). Sequences
obtained from tall fescue, ryegrass, rice, and wheat

were identical (Fig. 3). Sequences of meadow fescue
and tetraploid fescue were identical to each other, but
diVered from other species by one insertion and Wve
substitutions.

Discussion

Development of genomic SSRs

A pre-requisite for marker-assisted breeding is a
robust set of informative markers for the species of
interest. Tall fescue is an important cool-season peren-
nial forage grass species with limited microsatellite
markers (Saha et al. 2004, 2005). Construction and
screening of partial genomic libraries and sequencing
of SSR-positive clones are considered eVective meth-
ods for microsatellite development (Rafalski et al.
1996). However, these approaches are expensive and
labor intensive process. Highly-enriched genomic
libraries signiWcantly reduced the cost and eVort for

Fig. 1 Polyacrylamide gel image of SSR bands ampliWed by prim-
er pairs (PPs) NFFAG314 and NFFAG368 in ten genotypes from
six diVerent grass species. Lanes 1, 2 tall fescue; 3, 4 ryegrass; 5

meadow fescue; 6 tetraploid fescue; 7, 8 rice; and 9, 10 wheat
genotypes. Lane 11 shows the size standard (10 bp)

Table 2 Number and percent
of primer pairs (PPs) that
ampliWed PCR products in
diVerent grass species

Species AmpliWcation Alleles/primer

PPs with expected
PCR bands

PPs with expected
plus non-speciWc bands

Number Percenta Number Percent

Tall fescue 338 66.2 476 93.2 4.01
Meadow 282 55.2 419 82.0 1.94
Tetraploid 299 58.5 434 84.9 2.04
Ryegrass 290 56.8 426 83.4 3.37
Rice 244 47.8 379 74.2 2.90
Wheat 296 57.9 434 84.9 3.09

a Percent of total 511 PPs test-
ed in this study
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microsatellite development (Kijas et al. 1994; Edwards
et al. 1996). The enrichment procedure we employed
was eVective and enabled the development of SSR loci
from GA/CT enriched libraries. Seventy percent of the
sequenced clones contained SSR motifs. Our results

represent a substantial improvement over the non-
enriched genomic libraries where only 0.1–0.3% of the
clones contained SSRs (Liu et al. 1995; Kubik et al.
1999). In this study we developed 511 microsatellite
loci from 5,712 (GA/CT)n enriched tall fescue genomic

Fig. 2 AmpliWcation of four genomic SSR PPs (NFFAG097,
NFFAG104, NFFAG110, and NFFAG111) in a subset of tall fes-
cue mapping population. Lanes 1 and 2 represent the two parents.

Lanes 3 thru 8 represent the six progeny. The lane before the right
most panel (NFFAG111) shows the 10 bp size standard

Fig. 3 Alignment of sequences obtained from PP NFFAG428 in
two tall fescue (HD28-56 and R43-64), a meadow fescue
(PIWF92), a tetraploid fescue (W-2), a ryegrass (MFB-2), a rice

(IR-64), and two wheat (Opata and W7984) genotypes. Top row
represent the consensus sequence. Nucleotide substitutions and
insertion are marked in bold letters

    TTGTAAAACGACGGCCAGTGAGATTGGAGAGGAAGAGCAAAGAGGAAATCAACAAATGACTCCAAGATCTAGATCCCAAGAGTTC Majority
    ---------+---------+---------+---------+---------+---------+---------+---------+----- 
             10        20        30        40        50        60        70        80     
    ---------+---------+---------+---------+---------+---------+---------+---------+----- 
  1 TTGTAAAACGACGGCCAGTGAGATTGGAGAGGAAGAGCAAAGAGGAAATCAACAAATGACTCCAAGATCTAGATCCCAAGAGTTC HD28-56 
  1 TTGTAAAACGACGGCCAGTGAGATTGGAGAGGAAGAGCAAAGAGGAAATCAACAAATGACTCCAAGATCTAGATCCCAAGAGTTC R43-64 
  1 TTGTAAAACGACGGCCAGTGAGATTGGAGAGGAAGAGCAAAGAGGAAATCAACAAATGACTCCAAGATCTAGATCCCAAGGGTTC PIWF92 
  1 TTGTAAAACGACGGCCAGTGAGATTGGAGAGGAAGAGCAAAGAGGAAATCAACAAATGACTCCAAGATCTAGATCCCAAGGGTTC W-2 
  1 TTGTAAAACGACGGCCAGTGAGATTGGAGAGGAAGAGCAAAGAGGAAATCAACAAATGACTCCAAGATCTAGATCCCAAGAGTTC MFB-2 
  1 TTGTAAAACGACGGCCAGTGAGATTGGAGAGGAAGAGCAAAGAGGAAATCAACAAATGACTCCAAGATCTAGATCCCAAGAGTTC IR-64 
  1 TTGTAAAACGACGGCCAGTGAGATTGGAGAGGAAGAGCAAAGAGGAAATCAACAAATGACTCCAAGATCTAGATCCCAAGAGTTC Opata 
  1 TTGTAAAACGACGGCCAGTGAGATTGGAGAGGAAGAGCAAAGAGGAAATCAACAAATGACTCCAAGATCTAGATCCCAAGAGTTC W7984 

    CCCTCACAAAGAGGAGGAATGGATTGGTGGAG-TTGTAGATCTAGATCTCCTCTCTTAGATCCCTCAAGAATGAGCAAGAATCAT Majority
    ----+---------+---------+---------+---------+---------+---------+---------+---------+ 
        90        100       110       120       130       140       150       160       170 
    ----+---------+---------+---------+---------+---------+---------+---------+---------+ 
 86 CCCTCACAAAGAGGAGGAATGGATTGGTGGAG-TTGTAGATCTAGATCTCCTCTCTTAGATCCCTCAAGAATGAGCAAGAATCAT HD28-56 
 86 CCCTCACAAAGAGGAGGAATGGATTGGTGGAG-TTGTAGATCTAGATCTCCTCTCTTAGATCCCTCAAGAATGAGCAAGAATCAT R43-64 
 86 CCCTCACTTAGAGGAGAAATGGATTGGTGGGGATTGTAGATCTAGATCTCCTCTCTTAGATCCCTCAAGAATGAGCAAGAATCAT PIWF92 
 86 CCCTCACTTAGAGGAGAAATGGATTGGTGGGGATTGTAGATCTAGATCTCCTCTCTTAGATCCCTCAAGAATGAGCAAGAATCAT W-2 
 86 CCCTCACAAAGAGGAGGAATGGATTGGTGGAG-TTGTAGATCTAGATCTCCTCTCTTAGATCCCTCAAGAATGAGCAAGAATCAT MFB-2 
 86 CCCTCACAAAGAGGAGGAATGGATTGGTGGAG-TTGTAGATCTAGATCTCCTCTCTTAGATCCCTCAAGAATGAGCAAGAATCAT IR-64 
 86 CCCTCACAAAGAGGAGGAATGGATTGGTGGAG-TTGTAGATCTAGATCTCCTCTCTTAGATCCCTCAAGAATGAGCAAGAATCAT Opata 
 86 CCCTCACAAAGAGGAGGAATGGATTGGTGGAG-TTGTAGATCTAGATCTCCTCTCTTAGATCCCTCAAGAATGAGCAAGAATCAT W7984 

    GGGGGGAATCAAGAGATAGGGCAAGTTCTTCAAAGATGACAATGGAGGAGAGAGAGAGGAAGAACTTATCTTGCCCAAGGTGA   Majority
    ---------+---------+---------+---------+---------+---------+---------+---------+--- 
             180       190       200       210       220       230       240       250  
    ---------+---------+---------+---------+---------+---------+---------+---------+--- 
170 GGGGGGAATCAAGAGATAGGGCAAGTTCTTCAAAGATGACAATGGAGGAGAGAGAGAGGAAGAACTTATCTTGCCCAAGGTGA   HD28-56 
170 GGGGGGAATCAAGAGATAGGGCAAGTTCTTCAAAGATGACAATGGAGGAGAGAGAGAGGAAGAACTTATCTTGCCCAAGGTGA   R43-64 
171 GGGGGGAATCAAGAGATAGGGCAAGTTCTTCAAAGATGACAATGGAGGAGAGAGAGAGGAAGAACTTATCTTGCCCAAGGTGA   PIWF92 
171 GGGGGGAATCAAGAGATAGGGCAAGTTCTTCAAAGATGACAATGGAGGAGAGAGAGAGGAAGAACTTATCTTGCCCAAGGTGA   W-2 
170 GGGGGGAATCAAGAGATAGGGCAAGTTCTTCAAAGATGACAATGGAGGAGAGAGAGAGGAAGAACTTATCTTGCCCAAGGTGA   MFB-2 
170 GGGGGGAATCAAGAGATAGGGCAAGTTCTTCAAAGATGACAATGGAGGAGAGAGAGAGGAAGAACTTATCTTGCCCAAGGTGA   IR-64 
170 GGGGGGAATCAAGAGATAGGGCAAGTTCTTCAAAGATGACAATGGAGGAGAGAGAGAGGAAGAACTTATCTTGCCCAAGGTGA   Opata 
170 GGGGGGAATCAAGAGATAGGGCAAGTTCTTCAAAGATGACAATGGAGGAGAGAGAGAGGAAGAACTTATCTTGCCCAAGGTGA   W7984 
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sequences, approximately 9% of the total. Thus, the
enrichment procedure was an eYcient way to generate
a large number of SSR loci. Similar percentages of PPs
development was reported in (CA)n enriched genomic
libraries of white clover (Kölliker et al. 2001). Fifty six
percent of 906 candidate SSR containing sequences
were converted into SSR primers. The rest (44%) of
those sequences were not developed as primers due
lack of adequate Xanking sequences. Similar results
were also reported for ryegrass (Jones et al. 2001) and
sugarcane (Cordeiro et al. 1999).

The rapidly growing EST databases are considered
important resources for SSR development. However,
only 1.5–4.6% of the ESTs contained SSRs in various
cereal species (Kantety et al. 2002; La Rota et al. 2005).
Analysis of 20,000 tall fescue ESTs, resulted in the
development of 157 PPs, approximately 0.8% of the
total sequences (Saha et al. 2004). Furthermore, EST-
SSR loci have a tendency to be clustered in euchro-
matic regions of the genome which limit the potential
for genome-wide coverage (Warnke et al. 2004; Yu
et al. 2004a, La Rota et al. 2005; Saha et al. 2005). EST
resources are mainly restricted to certain well-studied
species. In most forage and turf grass species, where
EST sequences are limited or do not exist at all, this
enrichment procedure is an attractive way to generate
SSRs. Libraries developed through enrichment can
provide a large number of SSR-containing sequences
and thus substantially reduce time and cost per marker.

Microsatellite motifs

Microsatellites are an important class of markers widely
used for molecular dissection of many species. Micro-
satellite motifs, number, length, composition, and distri-
bution in a genome vary greatly among taxa. GA/CT is
one of the most abundant and variable classes of repeat
motifs found in several plant species (La Rota et al.
2005). The highest occurrence of GA/CT motif was
reported in Wve cereal species (Kantety et al. 2002), in
the forage grass timothy (Phleum pratense) (Cai et al.
2003), and also in other species like pepper (Capsicum
annuum) (Lee et al. 2004). Though CA/GT repeat is an
abundant class of microsatellites in mammalian
genomes, it is generally less frequent in plant genomes
(Depeiges et al. 1995; Powell et al. 1996). Besides, GA/
CT repeats are also functionally associated with gene
expression. The waxy gene in rice contains (CT)n
repeats and their length polymorphism is associated
with amylose content (Ayers et al. 1997). These results
further justify the development of (GA/CT)n enriched
genomic libraries and the characterization of microsat-
ellites in the major forage grass species, tall fescue.

AmpliWcation of SSR loci

A total of 511 genomic SSRs were tested for function-
ality in ten genotypes representing six diVerent grass
species. Genomic SSRs developed in this study led to a
high rate of success (Table 2). Though the overall
ampliWcation rate was very high (74–93%), the per-
centage of PPs that produced clean products (expected
ampliWcation) was 26–27% less than the overall ampli-
Wcation. The high rate of non-speciWc ampliWcations
observed in this study might be associated with high
number of lengthy PCR cycles, elevated concentration
of PCR reagents, and unraveling the PCR products in
6% polyacrylamide gels. PfeiVer et al. (1997) reported
that in conifer genome many genomic SSR PPs yielded
complex banding patterns that cannot be genetically
interpreted. Separating PPs producing non-speciWc
ampliWcation products from those that generate
expected products will further simplify the use of these
SSR markers in mapping and genetic analyses. As
anticipated, the most success was achieved in tall fes-
cue, while the rate of success was related to the taxo-
nomic relationship of the species to tall fescue. The
number of bands obtained from each species corre-
sponded to their genome constitution (Table 2). How-
ever, more ampliWcation products than expected were
noted in tall fescue, ryegrass, and rice which may be
attributed to gene duplication and/or duplicated geno-
mic regions. A similar trend was observed in an analy-
sis of EST-SSRs (Saha et al. 2004). Gene duplication
and ampliWcation of multiple bands in diVerent grass
species were previously reported in wheat (Yu et al.
2004a) and tall fescue (Saha et al. 2005). Experiments
are currently in progress to map these SSR markers on
a tall fescue genetic linkage map.

Cross-species ampliWcation of SSR loci

Several studies have shown that SSRs developed for a
species could be used in related plant species (Dayan-
andan et al. 1997). The success of cross-species ampliW-
cation of SSRs depends on the evolutionary
relatedness of the species sampled (Dayanandan et al.
1997). AmpliWcation of similar genomic fragments and
resolution of the microsatellites in diVerent grass spe-
cies indicated that the PPs generated in this study could
potentially be used for genetic studies in related grass
species. Rice and wheat are rich in molecular informa-
tion. On the contrary, molecular dissection of most for-
age and turf grass species is limited by the amount of
available data. Comparative mapping can make use of
the vast amount of genomic information developed
in rice and wheat by applying this knowledge to the
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less-studied forage species. The high transferability of tall
fescue EST-SSRs across grass species was reported by
Saha et al. (2004). The genomic SSRs developed from
tall fescue demonstrated a high degree of cross-species
ampliWcation among a variety of forage, turf, and
cereal grass species. This suggests that the SSR Xank-
ing regions of the sequences identiWed in this tall fescue
library are well conserved among the grass species sur-
veyed. Hernández et al. (2001) reported high level of
maize genomic SSRs transferability (74.5%) to sugar-
cane. High transferability of SSR markers was also
reported in peach (Prunus spp) species by Dirlewanger
et al. (2002).

Polymorphism rate

SSR primer polymorphism was Wrst examined in the
parents of tall fescue, ryegrass, rice, and wheat map-
ping populations. High polymorphism rates were
observed in tall fescue (68%), a lower rate of polymor-
phism (·46%) was reported in other species. These
results indicate that SSR loci are highly variable within
tall fescue. PPs that ampliWed in other species must
come from a more conserved region and thus less poly-
morphic. Our results indicate that genomic SSRs
exhibit 2% higher level of polymorphism than the rates
observed for EST-SSRs in tall fescue (Saha et al. 2004).
However, polymorphism rate of genomic SSRs in
other grass species (46% in ryegrass, 39% in wheat,
and 34% in rice) was much lower than the rates noticed
for EST-SSRs (66% in ryegrass, 43% in wheat, and
38% in rice) examined on the same parental panel. A
signiWcant portion of SSR markers that segregate from
both parents of a tall fescue mapping population were
identiWed. These markers will be of value to improve
the resolution of the existing genetic map (Saha et al.
2005). In addition, these markers will also be useful for
cross referencing maps between grass species. Markers
present in both parents but segregating in the popula-
tion will be useful to identify the homologous linkage
groups.

Sequence comparison of SSR locus

Homoplasy is a limitation of SSR marker use in evolu-
tionary and genetic diversity studies (Thiel et al. 2003).
Though the SSR primer sequences are highly con-
served, polymorphisms in the forms of insertion, dele-
tion, and substitutions are fairly common within SSRs
and their Xanking regions (Saha et al. 2004). However,
genomic SSR ampliWcation products that were
sequenced from a monomorphic SSR locus were highly
conserved across diVerent grass species. If these results

are substantiated with additional sequencing from
other PPs, it would suggest that the genomes of grass
species examined are conserved not only in the genic
regions but also in the non-genic regions of the
genome. Similar homoplasy between tall fescue and
tetraploid fescue were also reported in earlier studies
(Saha et al. 2004). Insertion/deletions (indels) and sub-
stitutions were more frequent among more distantly
related species when polymorphic SSR loci were
sequenced from a number of grass species (Saha et al.
2004; Mian et al. 2005).

We have for the Wrst time isolated and characterized
microsatellite loci developed from enriched genomic
libraries of the forage grass species tall fescue. A high
percentage of the PPs ampliWed characteristic SSR-
type products and were also determined to be highly
polymorphic not only in tall fescue, but also in other
important forage, turf, and cereal grass species. Many
of these markers also have good potential for use in
comparative genomic studies among a number of grass
species.
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